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pair te added to a sample to b« analyzed, the donor of the donor-acceptor pair, being photoluminescenL 
The acceptor Is bound to a carrier, white the donor and any saccharide, conjugated saccharide or 
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change Is reduced or even eliminated by the competitive binding of a saccharide, conjugated 
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FIELD OF THE INVENTION 

The present invention relates to a method of sensing saccharides and. more particularly, to a method of 
sensing saccharid s using luminescent lifetimes and energy transfer. 

5 

BACKGROUND OF THE INVENTION 

Detarmlnetton end qtirtntlf ieailon of glucose, particularly blood glucose. Is necessary for the clinical treat- 
ment of diabetics. One typical method of measuring glucose concentration Includes the use of glucose oxidase 

10 followed by electrochemical measurement of M 2 0 2 . However, this method suffers from the disadvantage that 
It requires an extracted blood sample In order to determine the level of glucose In the Wood, and the meas- 
urement cannot be accomplished In a non-lnvaslva manner. 

Alternatively, It Is known to sense glucose using fluorescence Intensity measurements. However, fluores- 
cence intensity measurements can be Inaccurate end/or Imprecise in view of photo-bleaching , light scattering 

is off the tissues and high nbsorhanee by the Wood, which makes these measurements not practical for making 
reliable measurements of glucose concentration. Furthermore, such measurements ere often accomplished 
by the Indirect method of using changes In fluorescence intensity resulting from the consumption of the flu- 
orescence quencher oxygen by glucose oxidase. 

70 SUMMARY OF THE INVENTION 

The present Invention overcomes the above difficulties by providing a method for the measurement of glu- 
cose using luminescence lifetimes and energy transfer. According to the method of the Invention, en energy 
transfer donor-accepter pair Is brought Into contact with a sample to be analyzed, the donor of the donor-ac- 
w ceptor pair being photolumlnescent The sample Is then Illuminated and the resultant emission detected. 

One of the donor-acceptor pair Is bound to a carrier, while the other of the donor-acceptor pair and any 
glucose present In the sample compete for binding sites on the carrier. Energy transfer occurs between the 
donors 8nd the accepters when they are bound together, which produces a detectable lifetime change of the 
fluorescence of the donor. The lifetime change Is reduced or even eliminated by the competitive binding of glu- 
» cose. Thus, by measuring the apparent luminescence lifetime, for example, by phase-moduletlon f hjoromotry 
or time-resolved f luorometry, the amount of glucose In the sample can be determined. 

In a preferred ©mbodlri>ent. the donor Is bound to the carrier ConA, while the acceptor and any glucose 
present compete for binding sites on the ConA. Thus, the lifetime change la reduced or eliminated by the com- 
petitive binding of glucos 

55 The method of the Invention Is particularly useful for the accurate measurement of glucose concentration 
In blood, either using Invasive or non-Invasive methods. It Is contemplated that such non-Invasive methods 
may Include the use of implantable patches and external fiber optic sensors. It Is also envisioned that the met h- 
od of the Invention may be used to provide a control signal for an insulin delivery device. Moreover, the method 
of the Invention le not limited to glucose sensing in bodily fluids, but may also be used for other applications, 

40 such as to detect and measure glucose during food processing or In fermentation reactions. The method of 
the present invention Is also applicable to other saccharides, conjugated saccharides and polysaccharides 
which may be present In samples. In addition to elphn-mathyfmannoside and glucose. Similarly, other carriers 
besides concanavalln A may be U9ed, such as lectins, wheat germ agglutioh and ricin, 

4$ BRIEF DESCRIPTION OF T H E DRAWINGS 

Figure 1 1s a graphical representation of fluorescence Intensity versus wavelength for the donor Cascade 
Blue labelled ConAend the acceptor Malachite Green labelled Dextran showing the donor alone, the donor 
plus the acceptor, and the donor plus the acceptor end SOmM mannoeide: 

W Figure 2 Is a graphical representation of fluorescence Intensity versus wavelength for the donor FITC lab- 
elled ConA and the acceptor Malachite Green labelled Dextran showing a control (the donor ©lone), the 
donor pluft the acceptor, and the donor plus the acceptor arid SOmM mannoslde: 
Figure 3 Is o graphical representation of fluorescence Intensity versus wavelength for the donor Texa9 Red 
labelled ConA and the acceptor Malachite Grtfen tabaHed Dextran showing the donor elona, the donor plus 

a lh* 0cc*pior w and the donor pki* Ihe accepter and irjQmM nwnnoside: 

Figure 3A !s a graphical repreaentetfon of phase angle versus coneentretfon of Mafachfte Green febeffed 
Dextran for the donor Texas Red labelled ConA; 

Figure 4 la graphical representation of phase angle and modulatlon factor versus freoiiency for t he don r 
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Texas Rod labelled ConA alone, tho donor Texas Red lobelled ConA and the ecceptorMnlechlte Green lab- 
elled Dextran. and the donor Texas Red labelled ConA end the acceptor Malachite Green labelled Dexban 

Figure sis aTmphlcal representation of phase angle end modulation factor versus frequency for the donor 
t cascade Blue labelled ConA alone, the donor Cascade Blue labelled ConA and the acceptor Malach,^ 
Green labelled Outran and the donor Cascade Blue labelled ConA and the acceptor Malachite Green lab- 
elled Dextran plus mannoslde: . , ,, „ ,,,._„ 
Fiouree Is egrephlcet representation of phase angle end modulation factor versus '^^^'^S 
AMCA labelled ConA alone, the donor AMCA labelled ConA end the acceptor Malachite Green labelled 
,0 Dextran and the donor AMCA labelled ConAand the acceptor Malachite Green labelled Dextran plus man- 

fSST/ Is a graphical representation of phase angle versus concentration of Malachite Green labelled Dex- 
tran for the donor AMCA labelled ConA: the Insert shows the effect of added mennosldo on the phase 
anqle of AMCA labelled ConA with malachite green labelled dexban: 
is fldura B Is a graphical representation of fluorescence Intpnslty versus wavelength for the donor Cascade 
Blue labelled ConA and the acceptor TRITC Cadaverlne labelled mannoslde for varying amounts of man- 

Figure 9 Is 8 graphical representation of fluorescence Intensity versus wavelength for the donor Cascade 
Blud labelled ConA and the acceptor Eosln Cadaverlne labelled mannoslde for varying emounto of glucose; 
■ so Figure 10 Is a graphical representation of phase angle end modulation factor versus frequency for the donor 
Cascade Blue labelled ConA and the acceptor* TRITC Cadaverlne labelled mannoalde and Eosln Cadav- 
erlne labelled manrwslde In the presence of glucose: .1^. hi, 
Figure 11 Is a graphical representation of fluorescence Intensity versus wavelength for the donor FITCiab- 
efled ConA and the acceptor Eosln Cadaverlne labelled mannoalde for varying amounts of mannoslde; 
n Figure 11A Kt a graphical representation of phase angle and modulation factor versus frequency for the 
donor FITC labelled ConA and the acceptor Eosln labelled mannoslde with added glucose; 
Flqure 1 2 la a graphical representation of fluorescence Intensity versus wavelength for the donor FITC 
labelled Suoclnyt-ConAend the acceptor Eosln Cadaverlne labelled mannoslde for varying amounts of glu- 

•COS©" 

so Figure 1 3 Is a graphical representation of fluorescence Intensity versus wavelength for the donor FITC 
labelled Su«dnyl-ConA and the acceptor TRTIC Cadaverlne labelled mannoslde for varying amounts of 

"SEnTl* Is a graphical representation of Intensity versus wavelength showing the emission spectrum of 
the donor AMCA labelled ConA and the absorption spectrum of the acceptor TRITC labelled mannosWe: 
3$ Figure 1 5 li a graphical representation of fluorescence Intensity versus wavelength for the donor AMCA 
labelled ConA and the acceptor TRITC labelled mannoslde for varying amounts of TRITC-labelled man- 

Hgure'lB Is a graphical representation of fluorescence Intensity versus Wavelength for the donor AMCA 
labelled ConA and the acceptor TRITC labelled mannoslde for varying amounts of glucose: . 

40 Figure 1 7 Is a graphical representation of phase angle and modulation factor versus frequency for the donor 
AMCA labelled ConA and varying amounts of the acceptor TRITC labolled mannoslde: 
Figure 1 8 Is a graphical representation of phase angle and modulation factor versus frequency for the donor 
AMCA labelled ConA and the acceptor TRITC labelled mannoslde and varying amounts of glucose; 
Figure 1 & la a graphical representation of the mean lifetime versus the concentration of the acceptor TRITC 

4$ labelled mannoalde for the donor AMCA labelled ConA: the Insert In the figure shows the affect of added 

fl!t!CO90* 

Figure 20 Is a graphical representation of the phase angle versus the concentration ol the acceptor TRITC 
labelled mannoslde for the donor AMCA labelled ConA: the Insert In the figure shows the effect of added 

glucose; , . . . . 

so Figure 21 is a graphics! representation of the modulation factor versus the eoncenbatron of the acceptor 
TRITC labelled mannoslde for the donor AMCAIabelled ConA; the Insert In the figure shows the effect of 
added glucose. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

According to the method of the Invention, an energy franafer donor-acceptor pair to exposed or brought 
Into eonlaet with to a sample to be analyzed. For the purposes of the Invention, 'sample" Is to be broadly con- 
etrued to Include any compounds, surfaces, solutions, mulstona, auapanstona. mixtures, cell cultures, fermen- 
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lotion cultures cells, tissues, secretions and/or derivatives or extracts thereof. Measurements In accordance 
with the method of the Invention enn be taken In vitro , in vivo and tosltu. 

In eccordence with a preferred embodiment of the Invention, the donor of each donor-acceptor pair Is flu- 
ortScSnt. Suitable fluorescent donors Include Cascade Blue, Texas Red, fluorescein, and 7-emlno-4.methyl- 
eourriarln*3*carboxyllc acid fAMCA") and eslars thereof such as the succlnlmldyl ester, and longer lived ftu- 
orophoree, such as lanthanldea and metnUlgand complexes. The use of longer-lived f luorophores may be par- 
ticularly useful In clinical measurements of blood samples because they provide for suppression of auto- 
fluorescence from tissue. 
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OCHtCNHCH a CH,NHCCH t -Con A 



"0|S 



Acceptors may Include malachite green, eosln, and TRITC. which mey be bound to a carrier, for exemplo 
malachite green dextran, as shown below. 
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One of the advantage of the use of energy transfer Is the ability to selectively shift the excitation and 
emission wavelengths to longer or shorter wavelengths, as desired. Hence, the Invention can use a wide range 
of light sources, Including pulsed or modulated leber diodes, and wavelengths beyond tissue end hemoglobin 
ebeorptlon. Additionally, the use of longer lived fluorophores mentioned above can provide a means to avoid 
autof luoreacanee and allow the use of electro-luminescent devices as the light source. Such devices are the 
subject of U.S. Application Serial No. 07*755.232, filed September 5. 1991, the contents of which are Incorpo- 
rated herein by reference. 

According to the Invention, one of the donor-acceptor pair Is bound to a carrier, while t he other of the donor- 
acceptor pair and any glucose present In the sample compete for binding sites on the carrier. In a preferred 
embodiment, the donor Is bound to the carrier and the acceptor competes with glucose for binding sites on 
the carrier. In this way, the carrier can be salrl to be labelled* with the donor. It Is Important that the donor 
Itself not be glucose sensitive, or It will Interfere with the competitive displacement between glucose and the 
donor. A carrier which has been found to be particularly useful whan bound to the f luorsBCent donor for pur- 
poses of the invention 19 Conconavalin A (ConA). The aucelnyt derivative of ConA may be particularly useful 
In view of Its Increased stability and resistance to self-aggregation. 

N It Is also envisioned that the acceptor may be bound to a different carrier, such as a sugar or a polymeric 
sugar. Thus, the sugar or polymeric sugar can be 9ald to be labelled' with the acceptor. TWs Is advantageous 
because R prevents the loss of the acceptor, for example, from an Implantable patch wherein the sensor region 
In contact with the patch Is permeable to glucose, Labelled sugars or polymeric sugars useful lri the method 
of the Invention Include Malachite Green-Dexban, eosln cadaverine-alpha, TRITC-mannoside and TRITC- 
cadaverine-alpha. D-mannose pyranosyl phenyl. 

The method of the Invention further Includes the ntaps of illuminating the sample and detecting the resul- 
tant emission. One of the advantages of using an energy transfer donor-aceeptor pair Is that any suitable light 
.eourc* may be used, as long as the light source can be directly or externally modulated. Light sources for usn 
In the Invention thus Indude loh lasers, dye lasers. LED's. laser diodes. ELl's, and the like. Filters may be 
used to fitter the Incident beam as well as the emitted beam, as necessary to obtain desired wavelengths. 

In accordance with the present Invention, energy transfer occurs between the donor and the acceptor, at 
least one of which te photolumlnescent. a9 mentioned above, Energy transfer between the donor and acceptor 
.causes a change In the fluorescent lifetime corresponding to the presence of glucose. It Is to be noted that 
the efficiency of the energy transfer depends on the quantum yield of the donor, the overlapping of the emis- 
sion spectrum of the donor with the absorption spectrum of the acceptor, and the relative distance and orien- 
tation between the donor and the acceptor. 

In a preferred embodiment the Intensity of the excitation radiation is modulated at a particular modulation 
frequency and the lifetime determined using known phase-modulation, I.e., frequency-domain , techniques. Al- 
ternatively, a pulsed radiation eource may be used and the lifetime of t he sample determined using known time; 
resolved methods. Both phase-modulation and time-resolved fluoromatry methods are wen known In the prior 
art see Lakowteat. Principles of nuo r eacence Spectroscopy . Plenum Prase, 1983. Chapter 3. However, current 
Instrumentation rendwm the phase -modulation method more xpedfent P" r the sake of condrmnaes. only the 
phtft*^medu!Atien method wfll be discussed further herein, but ft Is understood that these same prlnclpl s gen- 
erally apply to time- resolved measurements. 

When the sample Is excited with radiation whose Intensity Is modulated, for example, In a sinusoidal men- 
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her, the lime lag between absorption and emfssl n causes the emission t be delayed In phase end demodu- 
lated relative to the excitation radiation. This phase shift 0 and the corresponding dem dulatlon factor m are 
used to measure and calculate the photolumlnescent lifetime based on well known formulae. S a. Lakowlcz. 
supra . 

Thl$ phase shift can be measured using conventional Instrumentation, Including, for example, that dis- 
closed In U. S. Patent No. 4,937.457 to Mitchell, end that disclosed In LakowIc2. *A Review of Photon-Counting 
. and Phase-Modulation Measurements of fluorescence Decay Kinetics*, Applications of Fluorescence In the 
Biomedical Scienc es, pp. 29-67 (1906). the contents of which are Incorporated herein by reference. 
The Invention Is further Illustrated by the following examples: 

EXAMPLE 1 

ConA was labelled with three different donors. Experiments were performed using the labelled ConAe 
and the 8cceptoMebelled polymeric sugar malachite green-dextran (molecular weight 10,000). TM labelling 
of the dextran was carried out In 0,1 M carbonate buffer, with a pH of 9.2. The malachite green-dextran (MG- 
D) was obtained by dissolving about 10 mg amino dextran In 0.5 ml of buffer and mixing with 50ml of tenfold 
molar excess over amines of malachite green Isothiocyanate dissolved In DMSO. The reaction was allowed to 
proceed for four hours at room temperature. The labelled dextran was separated from free dye by passage 
through a sephadex 6-50 column. 

Experiments showed that the fluorescence of the donor Cascade Blue carried by ConA Is quenched by 
the binding of MG«D to ConA, Quenching was partially reversed by the addition of an unlabelled sugar, me- 
thylmannostde, which chows the effects of the competition for binding site* on the ConA. The results are shown 
In Figure 1. 

EXAMPLE 2 

Further experiments were conducted using MG-D as prepared In Example 1 , The experiments showed that 
the fluorescence of the donor fluorescein carried by ConA is quenched by the binding of MG-D to ConA. 
Quenching was partially reversed by the addition of an unlabelled sugar, methylmnnnoslde, which shows the 
effects of the competition for binding sitae on the ConA. The results ere shown In Figure 2. 

EXAMPLE 8 

Further experiments were conducted using MG-D as prepared In Example 1 . The experiments showed that 
the fluorescence of the donor Texas Red carried by ConA Is quenched by the binding nf MG-D to ConA. 
Quenching was partially reversed by the addition of an unlabelled sugar, methylmannosida. which shows the 
effects of the competition for binding sites on the ConA, but the reversal was modest The results are shown 
in Figure 3. The effects of the acceptor on the phase angle ere shown In figure 3A f which shows the decrease 
In phdse angle with Increasing acceptor concentration. The phase angles of the donor ware thus found to be 
a more sensitive Indication of ConA-sugar Interactions than was the steady state Intensity, 

EXAMPLE.* 

Further experiments were conducted using MG-D as prepared In Example 1 , The experiments showed that 
phase angles decreased at a modulation frequency of 100-500 MHz for each of the donors AMCA, Cascade 
Blue and Texas Red carried by ConA In the presence of MG-D. These decreases were partially reversed by 
the addition of an unlabelled sugar, rnethytmennoalde, which shows the effects of the competition for binding 
altea on the ConA. The results are shown In Figures 4-6. 

EXAMPLES 

Further experiments were conducted using MG-D aa prepared In Example 1 . Thn donor was AMCA-ConA. 
The results are Shown In Figure 7, which shows the decrease In phase angle observed with Increasing amounts 
of acceptor. This effect was reversed by the addition of the unlabelled sugar methytmannoslde, as shown In 
tho Insert of Figure 7. 
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C EXAMPLE 6 

) Experiments were conducted using eosln-mannoslde Instood of MG-D. AH bough not shown In tho Figures, 
" 1 (hofo experiment showed thftt the fluorescence of the donor Cascade Blue carried by ConA Is quenched by 
. 6 ' the binding of the eceaptor-labelled sugar eosln-mannoslde to ConA. Quenching was partially reversed by the 
addition of glucose, which shows the effects of the competition for binding sit©9 on the ConA. 

The experiments further showed that phase angles decreased at d modulation frequency of 100-200 MHz. 
These decreases were partially reversed by the addition of glucose. 

w EXAMPLE 7 

Experiments were conducted as In Examplo 4, except that the donor was fluorescein Instead of Cascade 
Blue. Although rtot shown fn the Figures, these experiments showed that the fluorescence of the donor fluor- 
escein carried by ConA Is quenched by the binding of the acceptor-labelled suger eosln-mennoslda to ConA. 
t« Quenching was partially reversed by the addition of glucose, which shows the effects of the competition for 
binding sites on the ConA. 

The experiments further showed modest decreases In phase angle at a modulation frequency of 1 00-200 
MHz. These decreases were partially reversed by the addition of glucose. 

jo EXAMPLE 8 

The effect of the ecceptor TRITC Cedeverlne mannoside on Cascade Blue-labelled ConA was studied. 
As seen In Figure 8 ( the acceptor quenched the fluorescence of the donor, with (he effect being more pro- 
nounced with Increasing acceptor concentration. 

ss ' 

: EXAMPLE 9 

The effect of the acceptor eosln cadaverine mannoside on Cascade Blue-labelled ConA was studied, As 
seen In Figure 9; the acceptor quenched the fluorescence of the donor. It can be seen In Figure 9 that the 
30 quenching effect was reversed by glucose. The effect of the acceptor on the relationship between phase angle 
and modulation and frequency fs shown In Figure 10. 

EXAMPLE 10 

9$ : This study Was similar to that of Example 9. except the donor was fluorosceln-labelled ConA. tt can be 
seen front Figure 11 that a similar quenching effect was observed, with the quenching again being reversed 
by the presence of glucose. The effect of the acceptor on the relationship between phase angle and modulation 
and frequency Is sbowrl In Figure 11 A. 

40 EXAMPLE 11 

this study was similar to that of Example 10, except that the donor was sucdnyl-ConA FITC Instead of 
ConA-FlTC; It ran be seen from Figure 12 that a similar quenching effect was observed, with the quenching 
again being reversed by the presence of glucose. 

4$ 

EXAMPLE 12 

This Study was similar to that of Example 11, except that the acceptor was TRITC cadaverine mannoside 
Instead of eosln cadaverfne mannoside. It cen be sown from Figure 13 that a similar quenching effect was ob~ 
so served, with the quenching again being reversed by the presence of glucose. 

EXAMPLE 1 3 , 

This study was directed to the donor AMCA-ConA and the acceptor TRITC cadoverlne mannoside. The 
e$ relationship between the donor end acceptor emtaslon spectre Is Shown fn Figure 14. The quenching effect of 
the acceptor on the fluorescence ef the donor fe seen In Figure 1 B. The displacement of t he acceptor by glucose 
te eh wn (n Figure 18, with the quenching being Increasingly reversed with Increasing concentration of the au. 
gar. Figure 17 shows the decrease In phase angle end Increase In modulation upon binding of the acceptor. 
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Indicating 9 decrease In decoy time du to energy transfer. As seen In Figure 18. this effect is reversed by the 
• presence of glucose. Figures 19 through 21 represent this reversal of energy transfer In term9 of meen lifetime, 
: phase angle and modulation respectively, with the effect of Increasing glucose concentration being shown In 

*e$ch case. 

The above Is for Illustrative purposes only. Modifications can be made within the scope, of the Invention 
as defined by the appended claims. For example, It fe contemplated that the invention Is not limited to the meas- 
urement of energy transfer and lifetime changes In the manner described above. The energy transfer and the 
lifetime changes may also be measured via polarization, decreased acceptability to quenching, or the like. It 
fa Blob contemplated that longer wavelength probes may be used as donor* and acceptor*, thereby allowing 
the tist of less expensive light sources Ilka modulated HeNe lasers or laser diode*. Similarly, other carrier* 
such as lectins, rlcln and wheat germ eggtutln may be utilized, permitting detection of other saccharides, con* 
Jugated saccharide! end polysaccharides, 

Cialme 

1. A method of optically sensing a saccharide, conjugated saccharide or polysaccharide of Interest, said 
method comprising the steps of: 

exposing ftn energy transfer donor-acceptor pair to a sample to be analyzed, the acceptor of the 
donor-acceptor pair being capable of competitive displacement with the saccharide, conjugated sacchar- 
Ide or polysaccharide of Interest, a nd at least t he donor of t he donor-acceptor pair being photolumlnescent; 

exciting the sample with radiation; 

detecting the resulting emission beam; end 

calculating the apparent luminescence lifetime to determine the presence of the saccharide, con* 
Jugated saccharide or polysaccharide of Interest In the sample. 

2. The method of claim 1, whtrtln th* saccharide, conjugated saccharide or polysaccharide of Interest Is 
glucose. 

3. The method of claim 2, wherein the donor of the dortor-acceptor pair Is bound to a carrier, and the acceptor 
of the donor-acceptor pair and any glucose present In the sample compete for binding sites on the carrier. 

4. The method of claim 2. wherein the glucose concentration of the sample is calculated from the apparent 
luminescence lifetime. 

5. The method of claim 1, wherein the donor Is fluorescent. 

e. The method of claim 1, wherein the lifetime Is calculated using phase-modulation fluorometry. 

7. The method of dalm 1, wherein the lifetime Is calculated using time-resotved fluorometry. 

8. The method of dalm 2, wherein the donor Is selected from the group consisting of Cascade Blue, Texas 
Red. fluorescein, and 7-amino-4-melhylcoumarin-3-carboxylic acid, lanthanides and metal-ligand com- 
plexes. 

9. The method of claim 2, wherein the acceptor Is selected from the group consisting of malachite green- 
dextren, eosln cadavertne-alpha.D-mannose pyranosyt phenyl and TRITC cadeverlne-elpha.D-mannose 
pyrenosyt phenyl. 

10. The method of dalm 3, wherein the donor Is bound to the carrier Concanavalln A, 

11. The method of dalm 2, wherein the acceptor Is bound to a sugar or polymeric sugar carrier. 

12. The method of daim 10, wherein the acceptor Is bound to a sugar or polymeric sugar carrier. 

13. The method of dalm 1, wherein the sample la exdted with a HeNe laser or laser diode. 

14. The method of dalm 2, wherein the sample Is xdted with e HeNe laser or laser diode. 
IS* The method of dalm 3. wherein the sample la exdted with a HeNe laser or laser diode. 
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